The capacity of animals to measure time and adjust their behaviors accordingly has been a topic of interest in vertebrates, but little evidence is currently available for insects. This capacity has yet to be properly investigated in parasitoid wasps, even though they are frequently used to test ecological models. Here, using associative learning between odors and time intervals, we show that the parasitoid wasp Microplitis croceipes (Hymenoptera: Braconidae) has the capacity to measure time. When released in a wind tunnel, females flew toward an odor associated with the time interval they had just experienced. We also found that reducing energy expenditure by restraining parasitoid wasp movement during the training interval prevented time perception. This serves as experimental evidence of time perception in a parasitoid wasp, provides both a rare example of learning associated to a time interval in an insect and a mechanism by which these animals could optimize their behaviors, as well as suggesting a role for energy expenditure in its time perception mechanism.
INTRODUCTION
Animals need to adjust their behaviors to respond to the passage of time. An animal unable to measure time could not optimize its behaviors, as all events happen in an order, at a given time and for a finite duration. Optimal foraging models assume that animals use the rate of fitness gain to optimize several behaviors such as patch time and progeny allocation (Charnov 1976) . This implies that some form of time measurement is being performed by the animals, although this assumption has rarely been tested.
Although the expression of several behaviors is modulated by time, the capacity of animals to perceive time and measure event duration remains a controversial issue (Roberts 2002; Zentall 2005) . The capacity of animals to measure time and adjust their behaviors accordingly has been a topic of interest in vertebrates such as birds and mammals and has been shown in multiple species: scrub jays Dickinson 1998, 1999) , pigeons (Zentall et al. 2001 (Zentall et al. , 2008 Skov-Rackette et al. 2006) , meadow voles (Ferkin et al. 2008) , black-capped chickadees (Feeney et al. 2009 ), magpies (Zinkivskay 2009 ), dolphins (Mercado et al. 1998) , rats (Bird et al. 2003; Babb and Crystal 2005) , gorillas (Schwartz et al. 2005; Hoffman et al. 2009 ), Yucatan minipigs (Kouwenberg et al. 2009) , and rhesus monkeys (Hoffman et al. 2009 ; but see Hampton et al. 2005) . A cephalopod species has recently been shown to be capable of measuring time (Jozet-Alves et al. 2013) .
Little evidence is currently available for insects, one of the most diverse and abundant taxonomic group of animals, yet there have been multiple indirect evidences. Honeybees use time-compensated compass for orientation when foraging. Although there is time compensation in this situation, it could be more associated to the circadian rhythm than to an actual measure of interval duration. In situation of patch exploitation, parasitoid wasps need to measure time in order to optimize their behavior. Using this capacity, they will maximize the rate of fitness gain rather than the fitness gain in itself (Stephens and Krebs 1986) . For example, male Trichogramma wasps will adjust their residence time in their emergence patch in order to maximize their rate of mating (Martel et al. 2008) . The ability of female Trichogramma to adjust their host patch exploitation, which would require a measure of time, has already been demonstrated (Wajnberg 2006) .
In the handful studies devoted to insects, results differed depending on the species studied. Bumblebees have been shown to synchronize proboscis extensions to a signal (a light turning on) based on elapsed time (Boisvert and Sherry 2006) and to synchronize their visits to artificial flowers according to the interval of time required to refill nectar (Boisvert et al. 2007) . No such patterns were observed for honeybees when trained to enter a tube following a given interval (Grossman 1973) or to extend their proboscis to receive a reward based on elapsed time (Craig et al. 2014 ). Few studies have tested time perception in parasitoid wasps, despite their importance as ecological models (Charnov 1976; Godfray 1994 ). An exploratory study (Schmidt and Smith 1987) , whose results were confirmed in a following experiment (Parent et al. 2016a) , showed that Trichogramma wasps have the ability to measure time during host size evaluation. Another parasitoid, Lysiphlebus testaceipes, can adjust its host patch exploitation by measuring the time spent traveling between host patches (Tentelier et al. 2006 ). In addition, the mechanism by which insects could measure time still remains to be determined. Liu et al. (2009) showed that parasitoid wasps can use energy expenditure when travelling between host patches to adjust their exploitation behavior. Since the duration of travel between hosts patches influences host exploitation by parasitoid wasps (Charnov 1976) , energy expenditure could therefore be a proxy for time measurement. Surprisingly, energy expenditure has never been properly controlled in studies focusing on time perception in insects.
Demonstrating the capacity to measure time in animals and insect is impaired by huge methodological hurdles. Indeed, most studies with human participants use communication to explain the process and elicit a response associated with perceived time (Wearden and Penton-Voak 1995; Grondin 2010) . Most studies in animals use fixed interval training in the equivalent of a Skinner box (Skinner 1938) . Clayton and Dickinson (1998) developed an elegant methodology to allow animals to demonstrate their capacity to measure time by associating 2 types of food rewards, a favourite but perishable one versus a less attractive but unperishable one, to time intervals. After training, jays chose the preferred reward after a short interval of time, but chose the less attractive one after a long interval. Adapting this methodology for parasitoid wasps is quite challenging.
We exploited the capacity for associative learning in parasitoid wasps to test whether M. croceipes Cresson (Hymenoptera: Braconidae) females can learn to associate an odor to either a short or a long interval of time between host encounters and therefore measure time. Microplitis croceipes, a parasitoid wasp of Lepidoptera larvae, is commonly used as a model organism for associative learning studies using host Turlings et al. 1993 ) and food rewards (Takasu and Lewis 1996; Wäckers et al. 2002; Wäckers et al. 2006; Ngumbi et al. 2012; Zhou et al. 2015) but associating an interval duration between hosts to an odor has never been attempted in a parasitoid wasp.
MATERIALS AND METHODS
All experiments were conducted at Agri-Bio Research Laboratory, Kyushu University, Fukuoka, Japan.
Organisms
Microplitis croceipes Cresson (Hymenoptera: Braconidae) (originally from USDA-ARS Insect Biology and Population Management Research Laboratory (Tifton, Georgia)) were reared in plastic cages with honey and water available ad libitum, under a constant temperature (25 °C) and a photoperiod of 16:8 h (light:dark). Helicoverpa armigera Hübner (Lepidoptera: Noctuidae) larvae were used as hosts. Two-day old (54 ± 6 h) mated females fed honey water were isolated in vials prior to training.
Training
The objective of the training procedure was for female parasitoid wasps to associate time intervals between hosts (larvae of H. armigera) (unconditioned stimulus, United States) with either a strawberry or a vanilla odor (conditioned stimuli, CS+). These odors are not attractive without prior association with an oviposition experience. The training methodology is similar to those described by Schurmann et al. (2009) and Hoedjes et al. (2012) . Each parasitoid wasp underwent 4 training sessions. They were isolated in a glass tube (55 mm × 10 mm), plugged with a cotton ball, and were free to move around the tube for the duration of 2 different intervals: a short interval (5 min) and a long interval (30 min). These intervals were selected in order to 1) allocate enough time for manipulations of multiple parasitoid wasps simultaneously, 2) test parasitoid wasps during the circadian peak activity period, and 3) maximize the time difference between the 2 durations. Figure 1 shows an example of a training regime, where the 5 min interval and the 30 min interval are associated with the odor of strawberry and vanilla, respectively. The parasitoid wasp was offered a host in which they oviposited along with an odor following each interval to establish the association. To dissociate an interval from the alternative odor, the parasitoid wasp was next exposed to the alternative odor without a host (Conditioned stimulus, CS−), in a form of discrimination training. Figure 1 Example of a training timeline of M. croceipes for association between a short interval and the odor of strawberry and a long interval with the vanilla odor. V = vanilla odor; S = strawberry odor. Short interval = 5 min, Long interval = 30 min. Sections in black represent periods where the parasitoid wasp is isolated in a tube. "CS+" means that a host is present with the odor, while "CS−" means that no host is present with the odor. Host frass is included in all steps, except when parasitoid wasps are tested in the wind tunnel. Each wasp was tested only once either for a short or a long interval.
For the first 2 intervals, the parasitoid wasps were exposed to an odor with a host, immediately followed by the alternative odor without the presence of a host. The order was reversed for the last 2 intervals to ensure that the association was between the odor and the interval duration and not with the first odor encountered. If female parasitoid wasps are able to measure interval durations, they should learn to associate the odor to the time interval.
All host encounters occurred in a Petri dish (diameter 40 mm) with a piece of filter paper (3.75 cm 2 ), covered with 3.0 mg of host frass containing a kairomone used to facilitate host location. One microliter of either vanilla extract (43% ethanol; Meijiya Co., Japan) or strawberry flavor (43% ethanol; Crown Foods Co., Japan) were applied to a filter paper disc (Whatman No. 1) and left for 30 min to allow the alcohol solvent to evaporate. Training methods were balanced with respect to odor-interval duration associations, as well as for interval duration order (Table 1) . Training was conducted at room temperature (24-25 °C).
Odor association tests in wind tunnel
Testing was performed in a wind tunnel similar to that described by Drost et al. (1988) (50 cm wide, 50 cm high and 120 cm long). Wind speed was 0.3 m/s and illumination was 1600 lux. Following training, after a short or long test interval, parasitoid wasps were individually released in the wind tunnel 60 cm downwind of 2 odor sources (5 µl of strawberry or vanilla essence on filter paper rectangles; 2.5 × 1.5 cm) separated by 15 cm. Each wasp was tested only once either for a short or a long interval. The test ended with either a choice (landing on an odor source), after 4 false landings (landing on anything else but an odor source) or when 5 min in the wind tunnel had elapsed without a choice. If female parasitoid wasps are able to measure interval durations, they should choose the odor associated with the test interval (odor of the short interval if the test interval was short, and odor of the long interval if the test interval was long).
Energy expenditure
We conducted a second experiment to determine whether energy expenditure resulting from movement could be used by the female parasitoid wasp as a proxy for time perception. Female parasitoid wasps were reared and handled as described above. Using a protocol similar to the first experiment, associative learning was used to compare responses of parasitoid wasps that were either 1) Free = parasitoid wasps isolated in a vial (55 mm × 10 mm) and moving freely (N = 24; as in the first experiment) or 2) Restrained = parasitoid wasps isolated in a vial but restrained in their movement by a cotton ball (N = 24). The females were restrained only between the training intervals, as these were the intervals that the parasitoids had to perceive in order to make the association. Female parasitoid wasps were tested in a wind tunnel as described above. If time perception is associated with a decrease in energy reserves, only females from the Free treatment should be able to discriminate between odors associated with short and long interval durations.
Statistical analysis
Fisher Exact tests were used to test for differences between treatments: short versus long intervals and Free versus Restrained parasitoid wasps. Differences between odor choices for a given test interval, between parasitoid wasps that did not make a choice, between positions of the odors in the wind tunnel, between odor types, between training-test order, and between choice for the odor associated or not with the test interval for an energy expenditure treatment were tested with Chi-Square tests. All analyses were performed using R (version 3.2.0).
RESULTS
The parasitoid wasps showed a clear preference for the odor associated with the short interval when they had experienced a short test interval, and vice versa for the long test interval (Figure 2 ). There were no biases associated with the side of the wind tunnel (left or right): Fisher Exact test; P = 0.303); the odor (Fisher Exact test; P = 0.726); or the training-test order: (Fisher Exact test; P = 0.082). The number of parasitoid wasps that did not make a choice was also similar between test intervals (Short: 12 out of 39; Long: 10 out of 38; χ 2 = 0.0325; P = 0.857).
Parasitoid wasps in the Free treatment behaved similarly to the parasitoid wasps from the first experiment. They preferentially flew towards the odor associated with the test interval duration they had just experienced (Figure 3 ; χ 2 = 8.000; P = 0.005), whereas Restrained parasitoid wasps did not show a preference between the 2 odors (χ 2 = 0.889; P = 0.346). Therefore, Restrained and Free parasitoid wasps behave differently (Fisher Exact test: P < 0.05). The number of parasitoid wasps that did not make a choice did not differ between treatments (Free: 6 out of 24; Restrained: 6 out of 24; χ 2 = 0; P = 1), these proportions being similar to the ones observed in the previous experiment.
DISCUSSION
Our results demonstrate that M. croceipes can perceive and utilize time in a decision-making process. These parasitoid wasps have the capacity to associate odors with the abstract concept of time interval duration. They can compare the time interval they experienced just prior to being released in the wind tunnel to the interval durations they had previously learned, and then chose to land on the odor source associated with the proper duration. This ability to discriminate odors associated with interval durations confirms the capacity of parasitoid wasps to measure time. Furthermore, Restrained parasitoid wasps were unable to discriminate between the 2 time intervals associated with different odors, suggesting the use of energy expenditure as a proxy for time measurement. Although the restriction of movement probably stressed the parasitoid wasps, their ability to learn did not appear to be affected. Indeed, the fact that the parasitoid wasps made choice, that is, landed on an odor, indicates that they could still learn. If learning was prevented by movement restriction or the stress associated to it, the parasitoid wasps would not have landed on any odor, as they are not naturally attracted to them. As the wasps could not measure the duration of the intervals, all they could learn was to associate both odors to the presence of a host. Our methodology simulated travel intervals between hosts during which energy expenditure could be used as a proxy to measure travel time, because energy expenditure and movement are inextricably linked in nature. Energy expenditure during inter-patch intervals has already been shown to be required to adjust patch exploitation in another parasitoid wasp Venturia canescens (Liu et al. 2009 ). One way to confirm the role of energy expenditure for time perception would be to measure actual energy expenditure in a metabolic chamber during the waiting intervals, whereas free or restrained. Future studies could also measure movement of the parasitoid wasp with video tracking software to disentangle energy expenditure from movement.
Previous studies of insect time perception in bumblebees and honeybees have mainly focused on associate learning with proboscis extensions (Boisvert and Sherry 2006; Craig et al. 2014) . Our methodology, inspired by Clayton and Dickinson (1998) , was applied to an insect system for the first time. One major difference between our methodology and previous ones is that we used an oviposition reward instead of a nutritional reward. We believe that because oviposition in parasitoid wasps is directly linked to fitness, the training for something as abstract as intervals of time had higher probabilities of being successful than by using a less essential ecologically important reward, such as food.
Our study provides the first clear evidence of the capacity to measure time in parasitoid wasps. Although it is impossible to determine for what function time perception was initially selected, parasitoid wasps could use it in diverse situations. This capacity could explain, for example, how parasitoid wasps adjust patch residence time with travel duration between patches. Similarly, it could provide a mechanistic basis for their decision to leave a patch using the rate of fitness gain (fitness gain per unit of time) during patch exploitation. Both these measures of time are essential assumptions of the Marginal Value Theorem (Charnov 1976; Todd and Kacelnik 1993; Adler and Kotar 1999) , an optimality model widely used to describe the mechanisms through which parasitoids maximize their lifetime offspring production. For 50 years, time perception has remained an untested assumption of several ecological optimality models in invertebrates (Charnov 1976; Waage and Ming 1984) , but we now have strong evidence of their capacity to adjust behaviors by measuring durations.
Time is ubiquitous in the lives of animals, as all events and behaviors happen in time, for a given duration and in succession or simultaneously (Boisvert 2005) . We therefore expect this capacity to be widely spread across animal species. In a natural environment, a mutant able to perceive time could be heavily selected when compared to a population who cannot measure time. As animals do not live eternally, they need to optimize their behaviors, and this requires a notion of time. When looking for a resource, may it be a mate or nourishment, the ability to measure will allow to be there at the right time (critical in competition situations), exploit the resources for the optimal amount of time (critical for time limited species). Mutants capable of measuring time would therefore have an advantage compared to the ones who are not able, increasing their representation in the next generation.
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